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ABSTRACT 

Spallation Neutron Source (SNS) target modules are fabricated from 316L stainless steel by welding 

together sections of machined components using electron beam welding. The failure of the tenth operational 

SNS target (Target 10) at an electron beam weld prompted an investigation into the residual stress remaining 

in the weld joint after joining to determine if welding procedures for SNS target fabrication produce 

detrimental residual stresses in or near the welds. Due to an issue with fabrication, the front section of an 

SNS target was removed from fabrication and made available for residual stress measurements. The residual 

stresses in an electron beam weld joining the front window and front body of the target prototype was 

measured at several locations near EBW2 weld between outer window and front body using the VUCLAN 

instrument. Different stress free 𝑑0
ℎ𝑘𝑙  methods were used to calculate the residual strain and residual stress. 

The results show tensile residual stress up to 350MPa along the weld direction which peaked at weld 

location.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 

1. Introduction 

Neutrons at the Spallation Neutron Source (SNS) are produced by bombarding liquid mercury flowing 

through a target module with high energy (~1 GeV) proton pulses at a frequency of 60 Hz. While liquid 

mercury is the actual spallation target material, a target module is utilized to contain and transport the 

flowing mercury. The target module is fabricated from 316L stainless steel and is designed to introduce 

mercury to the target region of the SNS monolith and return the heated mercury to the process loop for heat 

removal. The target module is actually two vessel structures, as shown in Figure 1: an inner mercury vessel 

and a water-cooled vessel, called the water-cooled shroud. The mercury target material flows through the 

inner mercury vessel, while the water-cooled shroud encases the mercury vessel and is designed to contain 

mercury in the event of a leak.   

 

 

Figure 1. Schematic of SNS target module showing the mercury target vessel and water-cooled shroud. 

The mercury vessel is fabricated by welding several large machined components together, as shown in 

Figure 2 (a). Most welds are electron beam welds (EBW), due to the strict dimensional requirements of the 

SNS target module; the minimal heat input from EBW greatly reduces the amount of thermally-induced 

distortion imparted to the target vessel when compared to traditional fusion methods such as tungsten inert 

gas (TIG) welding. Recent studies have also shown that welding via EBW does not appreciably degrade 

the carbon atmosphere in the hardened Kolsterising® layer near welds in SNS target vessels [1].  

EBW requires highly accurate electron beam positioning and weld control parameters that must be 

established during pre-fabrication weld development efforts. Welding with an electron beam also produces 

discontinuities and artifacts that require manual repair “over” welds using TIG welding. These spot-repair 

welds are used to repair areas with porosity and weld underfill. But TIG repair welds introduce an 

appreciable amount of heat to the weld region and potentially increase the residual stress at or near the 

weld. 
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(a) 

 
(b) 

Figure 2. (a) Schematic of SNS target major components and (b) diagram of electron beam welds (EBW) 

and tungsten inert gas (TIG) welds used to fabricate the SNS mercury target vessel. 

 

The tenth operational target (Target 10) at the SNS developed a leak during service, which was located 

at the circumferential (“racetrack”) weld joining the target front body and transition section, called EBW3, 

shown in Figure 2 (a). The cause of the leak was unknown when the leak was located, but the leak location, 

shown in Figure 3 (a), suggested it was associated with the EBW3 weld joint. A decision was made to 

sample the leak location and investigate the factors contributing to the vessel failure. 

A sampling device was designed to remove the section of Target 10 containing the leak location by 

cutting a “core sample” from the EBW3 weld using a 4in (10.2 cm) diameter annular cutter, as shown in 

Figure 3 (b). A sample containing the leak location was removed from Target 10 and examined under a 

subcontract with Westinghouse (Pittsburg, PA) to determine the cause(s) of the leak. The weld contained 

in the leak location sample was methodically sectioned and characterized to understand the factors that led 
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to failure of Target 10 and develop engineering design changes to address the vulnerabilities identified 

during the examinations.   

 

 
(a) 

 

  

                                     (b)                                                                                 (c) 

Figure 3. (a) Images of bubbles emerging from the Target 10 leak location, (b) schematic of the Target 10 

sampling operating, and (c) picture of the Target 10 sample containing the leak location. 

 

Metallography of the EBW 3 weld in Target 10 showed that the weld had insufficient penetration depth 

at the leak location, and multiple weld overpasses were performed on the joint. The majority of the EBW3 

weld is a full-penetration weld, where the electron beam melted and fused material along the entire depth 

of the weld faying surfaces. The section of the EBW3 weld in Target 10 where the leak was located was a 

partial-penetration weld, where an area of the faying surfaces at the weld root were not melted and fused 

together, as shown in the diagram of the EBW3 faying surfaces in Figure 4. Areas with partial-penetration 

welds were part of the original SNS target design and subsequent design changes have eliminated all areas 

where partial-penetration welds originally specified. 
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                                 (a)                                                                                      (b) 

Figure 4. Schematic of the EBW3 faying surfaces for the SNS target (a) the front body and (b) transition 

section. 

 

During the examination of the Target 10 leak location sample fatigue striations were observed on the 

fracture surface at the leak, and the cause of the leak was attributed to fatigue crack growth from the stress 

concentration formed at the root of the partial-penetration weld. During the examinations of the EBW3 

weld several overpasses were observed over the original EBW, as shown in Figure 5. The primary EBW is 

the long narrow region that penetrates through the faying surfaces into the weld backer, while the weld 

overpasses are shallow broad regions near the surface of the target vessel. Also, shown in Figure 5 is a shift 

in the faying surface that occurred during welding; evidence of the shift in the faying surfaces can be seen 

near the bottom of the primary EBW in Figure 5. The shift is evidence that the region of the target near the 

faying surfaces was stressed during welding and movement occurred to remove these stresses. 

Figure 5. Image from metallography of EBW 3 showing cross section of weld near the Target 10 leak 

location. 

Another discovery made during the examination of the EBW3 weld in Target 10 was cracking on 

the vessel interior surface that were oriented perpendicular to the weld line. During examination of samples 
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from the Target 10 EBW3 weld, cracks were observed emanating perpendicular from the weld line, as 

shown in Figure 6. The cracks were observed on most sections of the Target 10 EBW3 weld and 

metallography specimens containing the cracks were produced to further examine the near-weld cracking. 

 

(a) 

 
                                      (b)                                                                                 (c) 

Figure 6. (a) Image of EBW3 weld from Target 10 sample, (b) and (c) highlighted areas of cracks on the 

vessel surface emanating from EBW3. 

 

 Metallography specimens containing the “perpendicular” cracks were prepared such that the cross-

section of the crack depth into the vessel material were viewed. Optical micrographs, shown in Figure 7, of 

the cracks showed that they are relatively shallow cracks, and only extended approximately 50 µm into the 

vessel material. The depth of the cracks corresponded with the depth of the hardened Kolsterising® layer 

(b) 

(c) 
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that is applied to the SNS mercury target vessel [2]. While the cracks appear to be associated with the depth 

of the Kolsterising® layer, currently the cause of the perpendicular cracking is not known. 

 

 
Figure 7. Micrographs of cross-section samples through the perpendicularly oriented cracks emanating 

from the EBW3 weld with markers indicating a depth of 50 µm. 

 

 The observations of shifting during welding, numerous weld overpasses, and perpendicular 

cracking near welds prompted discussions regarding the stress state at and near the welds used to fabricate 

SNS target vessels. Concerns that the weld designs used to fabricate SNS targets might be causing the 

artifacts that were observed in the Target 10 EBW3 prompted an effort to measure the residual stresses 

at/near welds in SNS targets. During fabrication of SNS target serial number MTX-008 an error in the 

design drawings was identified that resulted in a slightly thinner mercury vessel wall at the sides of the 

outer window. A decision was made to cut off the MTX-008 front body assembly with the thinner window 

and fabricate a replacement with the full inner wall thickness. 

The front body of the MTX-008 section that was removed contained the two electron beam welds 

that join the inner and outer windows to the front body designated EBW1 and EBW2, respectively.  The 

weld configuration for these two welds were similar to the EBW3 weld, which provided an opportunity to 

examine prototypic electron beam welds that are similar to the failed weld in Target 10. The weld designs 

for the inner and outer windows allow examination of any systemic issues with the electron beam welding 

techniques used to fabricate SNS targets and to determine if residual stresses remaining at/near the welds 

present a vulnerability to the target design. 

 

 

 

 

 

 

 

 WESTINGHOUSE PROPRIETARY CLASS 2 3-288 

 DRAFT MCOE-TR-16-8, Revision 0-A 

 

Figure 3.6-107 Light Optical Micrograph of OST-4, Area 7 (As-Polished) 

 

Figure 3.6-108 Light Optical Micrograph of OST-4, Area 8 (As-Polished) 

 WESTINGHOUSE PROPRIETARY CLASS 2 3-287 

 DRAFT MCOE-TR-16-8, Revision 0-A 

 

Figure 3.6-105 Light Optical Micrograph of OST-4, Area 5 (As-Polished) 

 

Figure 3.6-106 Light Optical Micrograph of OST-4, Area 6 (As-Polished) 
~50 µm ~50 µm 



 

8 

2. EXPERIMENTAL PROCEDURE 

2.1 Instrument Settings 

The residual stress measurement was conducted on the VULCAN instrument [3]. A schematic view of the 

instrument setup is show in Figure 8. Neutron diffraction measures the diffraction peaks of the ( hkl) lattice 

planes whose normals are parallel to Q1 and Q2 direction, respectively. Strain components along these two 

directions are measured sinutannelsy from Bank 1 and Bank 2. The gauge volume was determined by the 

incident slits and receiving collimators. A 2x2x2 mm3 gauge is set for all the measurements. At the SNS, 

the diffraction patterns of multipeaks of alloys can be measured once with wide wavelenght spectrum 

determined by the double disk choppers. The choppers were set running at 30Hz with the center wavelength 

at 2.0 Å, which allows a measurable d spacing from 0.5 to 2.4 Å. While the intensity of different hkls show 

change of preferred grain orientation, the calculation of the residual strain is based on the FCC (311) peak 

which shows least intergranullar strain of the stainless steel, or in another word, its lattice strain behaves 

linearly with applied stress. 

 

Figure 8. VULCAN instrument configuration for residual lattice strain measurement. 

 

2.2 Measurement Set-up 

A line in the shell near the incident beam side and perpendicular to the weld was chosen for the residual 

strain measurement. It is 108 mm from the side edge of the target body as shown in Figure 9.  1 mm step 

is chosen for the spatially resolved residual strain measurement. The locations are middle points of the 

thickness of the measured locations. 
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Figure 9. Measurement locations as shown in the SScanSS software. The blue and brown lines show the 

measurement vectors at each locations.  

The target front body was mounted on the sample stage with two orientations to measure the lattice in 

three orghorgonal directions which are required for stress calculation. Figure 10 and Figure 11 show the 

sample mounts which allow to measure the longitudinal, transverse, and normal directions with respect to 

the weld (EBW2).  
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Figure 10. (a) Configuration to measure lattice change in transverse direction (TD/B1) and normal direction 

(ND/B2). (b) a view along the transverse direction ( scale is off due to the magnification of the camera).  

(a) 

(b) 
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Figure 11. Configuraiton to measure lattice change in longitudinal direction (LD/B1) and a repeat of normal 

direction (ND/B2). 

 

2.3 Determination of Stress by Neutron Diffraction 

To obtain the residual stress by meausring the lattice spacing d, an analogy of Hooke’s law can be 

used. Given the measurment of orthorgonal lattice strains, the orthogonal components of stress tensor 

(𝜎𝑖𝑖) can be calculated from the strain components (𝜀𝑖𝑖): 

𝜎𝑖𝑖 =
𝐸ℎ𝑘𝑙

(1+𝑣ℎ𝑘𝑙)
{𝜀𝑖𝑖

ℎ𝑘𝑙 +
𝑣ℎ𝑘𝑙

1−2𝑣ℎ𝑘𝑙 (𝜀11
ℎ𝑘𝑙 + 𝜀22

ℎ𝑘𝑙 + 𝜀33
ℎ𝑘𝑙)}   (1) 

where i =1,2,3 is the index for three orthogonal directions, transverse direction (TD), longitudinal direction 

(LD), and normal direction (ND), respectively. 𝐸311 =185 GPa and  𝑣311 = 0.33 are the diffraction elastic 

constants for reflection (3 1 1). The (hkl)-specific lattice strain 𝜀𝑖𝑖
ℎ𝑘𝑙  can be determined as: 

𝜀𝑖𝑖
ℎ𝑘𝑙 =

𝑑𝑖𝑖
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1        (2) 

Usually, a stress free condition is reqired so the stress free lattice d spacing can be determined. In a 

welding sample, typically, combing a similar coupon which is usually a direct cut piece from samples is 

used to release stresses. This was not available for this target sample provided when the neutron residual 

stress measurments were conducted. We proposed a few methods to determine the 𝑑0
ℎ𝑘𝑙. One is using the 

far locations from the EBW weld by assuming no welding process induced residual stress. This will not be 

able to exclude manufacturing induced residual stresses. The other method is using calculated 𝑑0
ℎ𝑘𝑙 at 

measurment locations by assuming through thickness stress is close to zero, i.e. a plane stress condition. To 

show this, the fomulars below are adopted from previously published work for thin additively manufactured 

samples [4]. 
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By assigning 𝐴 =
𝐸ℎ𝑘𝑙

1+𝑣ℎ𝑘𝑙, 𝐵 =
𝑣ℎ𝑘𝑙

1−2𝑣ℎ𝑘𝑙, and replacing the strain components in Eq. (1) with that 

expressed in Eq. (2), the stress can be written as: 

𝜎𝑖𝑖 = 𝐴 {
𝑑𝑖𝑖

ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1 + 𝐵 (

𝑑11
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1 +

𝑑22
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1 +

𝑑33
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1)}   (3) 

In a plane stress condiciton, when ND stress 𝜎33 = 0, 𝑑0
ℎ𝑘𝑙 can be determined from the measured peak 

positions d: 

𝜎33 = 𝐴 {
𝑑33

ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1 + 𝐵 (

𝑑11
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1 +

𝑑22
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1 +

𝑑33
ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 − 1)} = 0  (4) 

𝑑0
ℎ𝑘𝑙 =

𝑑33
ℎ𝑘𝑙+𝐵(𝑑11

ℎ𝑘𝑙+𝑑22
ℎ𝑘𝑙+𝑑33

ℎ𝑘𝑙)

1+3𝐵
       (5) 

thus, 𝑑0
ℎ𝑘𝑙 can be determined at every location regarless of the compositional inhomogeneity and its effects 

on 𝑑0
ℎ𝑘𝑙.  By replacing 𝑑0

ℎ𝑘𝑙 in Eq. (3), the stress components 𝜎11 and 𝜎22, along the LD and TD directions, 

can be solved when 𝑑11, 𝑑22 𝑎𝑛𝑑 𝑑33 are measured.   

 

3. RESULTS 

Examples of detector intensity distributions and the diffraction patterns when the mockup target sat in 

horizontal direction are shown in Figure 12. In Figure 12 (a), the detector intensities plot reflects 

inhomgeousity of grain sizes in the materials, where the front body material shows large scattered spots due 

to grains with large size, and this can be visually seen in the microstructure SEM in Figure 5. The large 

grains make neutron diffraction residual stress measurement unique because of its large gauge volume 

which contains large number of grains for determining the macroscopic lattice strain. Diffractions in Figure 

12 (b) and (c) show the materials also possess different manufacturing textures where the relative reflection 

intensities are not same as a result of different preferred grain orientation in the materials. However the 

texture is not strong and its effect on diffraction elastic constants is not considered in the residual stress 

calcuation.  Bank 1 data showed less scattering intensity due to longer neutron path lengths in compared to 

the Bank 2 data. The counting criterion was set for (311) peak in Bank 1 when the measured peak intensity 

was above 300 counts to ensure acceptable fitting error. Single peak fitting of (311) peak was conducted 

by using the VDRIVE software [5], and an example of peak fitting is shown in Figure 13. 
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(a) Detector intensity distributions of measured locations in outer window (left) and front body (right). 

 
(b) Example diffractions from front body side near EBW2 while sample was positioned horizontally. 

 
(c) Example diffractions from EBW2 while sample was positioned horizontally. 
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(d) Example diffractions from outer window side near EBW2 while sample was positioned horizontally. 

Figure 12. (a) detector (Bank 2) intensity distributions in the outler window and front boday locations, and  

example diffraction patterns from locations, in the front body (b), in the EBW2 (c), and in the outer window 

(d). Bank 1 measured TD and Bank 2 measured ND lattices in each locations. The intensity differences 

come from different neutron path lengths where measuruing TD and LD took longer ones than ND. 

 

 

Figure 13. Single peak fitting of a (311) peak by VDRIVE [5]. 

 

The lattice strains and calculated residual stresses in the three orthogonal directions by using different 

𝑑0
ℎ𝑘𝑙 strategies are shown in Figure 14. Figure 14 (a) shows the result by taking the last positon in the outer 

window which is about 11 mm from the planned reference weld line. Longitudinal strain is most profound 

as expected, where the weld region shows strong tension. The other directions show less absolute 

amplitudes. The calculated stresses in three directions show similar trend with maxima in the weld. 
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However, the strains in the front body far from the weld do fluctuate where the welding effect should be 

minimum. This indicates the improper choice of the 𝑑0
ℎ𝑘𝑙 for the measured locations. Similarly, when taking 

furthest locations in the front body, the overall trend did not change as expected but the absolute maximum 

strain value in LD increased as much as 500. This proves again the differences in the chosen 𝑑0
ℎ𝑘𝑙 in the 

two materials. This is not a surprise, as shown in the previous diffraction results, that although the materials 

are labeled as 316L, there are significant differences in the microstructure and after welding the chemistry 

will differ due to the thermal processes that occur during melting and solidification. Thus, the calculated 

𝑑0
ℎ𝑘𝑙 method will allow a good estimate of residual stress in the structure regardless of the chemistry or 

microstructure, given the plane stress conditions. Figure 14 (c) shows the calculated residual strains and 

residual stresses by taking ND stress as zero. The peak LD stress is about 350 MPa, and relaxed to a stress 

of 150 MPa approximately 7-10 mm away from the peak in both sides. Transverse stress is relatively small 

even across the weld as there is no physical structural constrain for building up stress. It has to be noted 

here that the stress calculated based on the plane stress assumption reflects the overall stress in the measured 

locations including manufacturing and welding.  

 

The tensile LD residual stress is typical in welding due to the thermal history of welding process, i.e. 

during the cooling process, thermal residual stress develops between the weld and the base metal or heat 

effected zones. However, there should be a compressive stress in LD directions to balance the high tensile 

stress. In this measurement, the stress is always in tension in the measured locations as shown in Figure 14 

(c). On the other hand, there seems to be near or below 0 residual LD stress as in Figure 14 (a) and Figure 

14 (b) in the front body. The main difference of the three methods is the choice of 𝑑0
ℎ𝑘𝑙. In Figure 14 (c), 

the stress is based on the assumption of the plane stress condition, which may differ from the real condition, 

and as mentioned before the calculated stress also includes manufacturing stresses. Also, the structure is 

large and the balance may not be limited on the measured line. For future work, to solve this, a combed 

stress relieved sample for exact locations should be provided for this thermally induced residual stress 

measurement, and more beam time is recommended for measuring a 2-D stress/strain distribution. 
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(a) Residual strains and calculated residual stress by taking furthest location measured in outer window.   

   
(b) Residual strains and calculated residual stress by taking furthest location measured in front body.   

    
(c) Residual strains and calculated residual stress by taking plane stress assumption in the structure.   

Figure 14. Residual strains and stresses across EBW2 by using different d0 methods. 
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4. SUMMARY 

The residual stresses in an electron beam weld joining the front window and front body of the target 

prototype was measured at several locations near EBW2 weld between outer window and front body using 

the VUCLAN instrument. Different stress free 𝑑0
ℎ𝑘𝑙  methods were used to calculate the residual strain and 

residual stress. The results show tensile residual stress up to 350MPa along the weld direction which peaked 

at weld location. A combed stress relieved sample shall be taken for 𝑑0
ℎ𝑘𝑙 determination and characterizing 

the thermally induced residual stress due to welding. 
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